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In vitro nephrotoxicity of Russell's viper venom. To assess direct
nephrotoxicity of Russell's viper venom (RVV; Daboia russelii siamensis),
isolated rat kidneys were perfused in single pass for 120 mm. Ten g/m1
and 100 .tg/mI RVV were administered 60 minutes and 80 minutes,
respectively, after starting the perfusion. Furthermore, cultured mesangial
cells and renal epithelial LLC-PK1 and MDCK cells were exposed to RVV
(100 to 1000 jg/ml) for 5 minutes up to 48 hours. The IPRK dose-
dependently exhibited reductions of renal perfusate flow (RPF, 7.7 2.4
vs. 16.5 0.7 mi/mm g kidney wt in controls, experimental values given are
those determined 10 minutes after termination of 100 g/ml RVV
admixture), glomerular filtration rate (GFR 141 23 vs. 626 72 1.tl/min
g kidney wt) and absolute reabsorption of sodium (TNa 8 1.7 vs. 79 9
jrmol/min g kidney wt), and an increased fractional excretion of sodium
(FENa 60 7 vs. 8 0.8%) and water (FE2O 68 3.2 vs. 13 1.2%).
Urinary flow rate (UFR) showed both oliguric and polyuric phases.
Functional alterations of this type are consistent with ARF. Light and
electron microscopy of perfusion fixed IPRK revealed an extensive
destruction of the glomerular filter and lysis of vascular walls. Various
degrees of epithelial injury occurred in all tubular segments. In cell culture
studies RVV induced a complete disintegration of confluent mesangial
cell layers, beginning at concentrations of 200 Wml. In epithelial LLC-
PK1 and MDCK cell cultures only extremely high doses of RVV (>600
and 800 sg/ml, respectively) led to microscopically discernible damage.
These results clearly demonstrate a direct dose dependent toxic effect of
RVV on the IPRK, directed primarily against glomerular and vascular
structures, and on cultured mesangial cells.
Russell's viper (Daboia russeli4 formerly Vipera russelli) is a
major threat to rice farmers in several countries of tropical Asia.
The area of distribution of the five currently recognized subspe-
cies (ssp.) [1] spans from Sri Lanka (ssp. puichella) through the
Indian subcontinent (ssp. russelli) to the farther east Indian
countries Burma and Thailand (ssp. siamensis), and includes
Taiwan (ssp. formosensis) and some Indonesian islands (ssp.
limitis). Up to 90% of the approximately 1000 deadly snake bites
occurring per annum in Burma are attributed to Daboia russelii
siamensis. Russell's viper bites were reported to be the fifth most
common cause of death [21 and the most common cause of acute
renal failure (ARF) in Burma: 70% of ARF cases in this country
has been ascribed to Russell's viper envenomation [3]. The
venom, consisting of at least seven isoenzymes of phospholipase
A2 [4], coagulation factor activating proteases [5], hyaluronidase
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[6], nucleases, hemorrhagins and several other constituents [1],
instantly induces complete generalized intravascular coagulation
in prey animals [7], which die from cessation of circulation. In
larger animals and in human victims of ophidism the amount of
venom inoculated is too small to cause an acute circulatory
cessation. However, disseminated intravascular coagulation (DIC)
will occur, resulting in peripheral circulatory insufficiency [8].
Multiple forms of hemorrhage induced by the consumptive co-
agulopathy and the actions of hemorrhagins leading to destruction
of vascular walls will be of further pathogenetic importance in the
development of shock. Additionally, vasodilation and increased
capillary permeability, both direct and indirect effects of the
venom, will aggravate the circulatory disturbances of shock.
Common causes of death [1, 8, 9] are acute and massive intestinal
or intracranial hemorrhage, irreversibility of shock, and resulting
organ failures. Two forms of consecutive organ insufficiencies
have been described as typical for RVV-ophidism: panhypopitu-
itarism [10, 11] and acute renal failure [3, 8, 11, 12]. ARF, which
is characterized by oliguria, reduced production of glomerular
filtrate, reduced renal perfusion, increased sodium and potassium
excretion and early proteinuria, will develop in one of two cases of
systemic envenomation. The pathogenetic mechanisms underlying
ARF may include renal vascular obstruction by fibrin-micro-
thrombi (DIC), ischemia/hypoperfusion due to the fall in blood
pressure and hemolysis-induced pigment nephropathy (RVV is to
some extent hemolytic [13]). Nevertheless, direct nephrotoxic
actions of RVV have been implicated in the pathogenesis of ARF.
Ratcliffe et al [14] have demonstrated direct RVV nephrotoxicity
in the isolated perfused rat kidney (IPRK), but did not perform a
morphologic analysis of the perfused kidneys. To obtain further
information about the direct effects of RVV on renal tissue the
present investigation was designed as a combined functional and
morphologic study in the IPRK, complemented by studies in renal
epithelial and mesangial cell cultures. These in vitro models
exclude higher order influences such as the nervous system, blood
pressure, coagulation and other blood borne factors including
corpuscles and hormones. In the same way systemic feedback
mechanisms will not be superimposed on direct renal effects of the
agent investigated. We studied the complex time- and dose-
dependency of R\TV effects on the IPRK and on cultured renal
cells of different origin, utilizing two continuous renal epithelial
cell lines, LLC-PK1, representative for proximal tubular cells, and
distal/collecting tubule derived MDCK cells, in addition to a
primary mesangial cell culture isolated from rat glomeruli. To our
knowledge this is the first time that RVV nephrotoxicity has been
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Table 1. Time protocol
Time mm Protocol
40 sampling
60 sampling
63 starting 10 mg/liter RVV admixture
69 sampling
71 sampling
74 termination of RVV admixture
77 sampling
84 starting 100 mg/liter RVV admixture
90 sampling
94 sampling
96 sampling
98 sampling
100 termination of RVV admixture
103 sampling
111 sampling
120 fixation
Values given are intervals from the onset of perfusion, 1 mm.
studied in cell culture models, which allow to detect differences in
nephrotoxic effects on various specific renal cell types, enabling a
more precise description of the presumable sites and modes of
action of a toxin. Defining the importance of the different
pathogenetic mechanisms underlying RVV toxicity may turn out
to be crucial for the development of new therapeutic strategies
against RVV associated ophidism.
Methods
Isolated perfused rat kidney
Surgical and perfusion procedure were performed according to
the technique described by Schurek et al [15, 16]. The perfusion
medium consisted of (mmol/liter) Na 138, K 5.05, C1 124,
HC03 18.1, Mg2 0.98, Ca2 1.24, urea 6.0, H2P04 0.08,
HP042 0.66, glucose 8.3, glutathione 0.98, pyruvate 0.71, L-
lactate 2.1, L-glutamic acid 1.66, 2-oxoglutarate 1.0, L-malic acid
0.84, and oxalacetic acid 1.0. Furthermore the perfusate contained
aminoplasmal E 5%° (free of carbon hydrates) 22 mI/liter,
neomycin sulfate 0.01 g/liter, and inulin 2 g/liter. Hydroxy-ethyl-
starch (HES) 60 g/liter was used to produce isoncotic conditions.
The perfusate was gassed with 95% 02/5% CO2.
Admixture of the respective RVV concentrations was enabled
via a flow controlled perfusion pump, which ensured venom
administration in rates of 0.5% of arterial perfusate flow. RVV
was stored at —20°C as lyophilized powder and was reconstituted
before use in phosphate buffered saline solution [PBS, free of
Ca2 and Mg2; (mmol/liter): NaC1 137, KC1 2.7, Na2HPO4 6.5,
'2I4 1.5, pH 7.4].
Experimental protocol. Eight kidneys of adult male Sprague-
Dawley rats, weighing 200 to 300 g and maintained on standard rat
chow and water ad libitum, were divided into two groups: (1)
control group, admixture of PBS (N = 4); (2) experimental group,
admixture of 10 and 100 xg/ml RVV in PBS (N = 4). The time
protocol is in Table 1.
To obtain steady-state conditions the system was allowed to
equilibrate for 60 minutes after the onset of perfusion. Urine
samples were taken from kidneys throughout the experiment at
the intervals given in Table 1. In parallel, urinaly flow rate (UFR)
was determined volumetrically by measuring the time urine needs
to fill a standardized micropipette. Perfusion pressure and flow
rate were monitored continuously by a vertical recorder. At 120
minutes kidneys were perfusion fixed for 10 minutes. The fixative
contained 1% wt/vol glutardialdehyde and 4% wt/vol paraformal-
dehyde in PBS.
Determination of GFR. GFR was calculated as inulin clearance.
Inulin was determined using a D-glucose/D-fructose kit (Boehr-
inger Mannheim, Germany) [17], pursuant to which polyfructosan
was measured after enzymatic hydrolysis with inulinase (Novozym
SP 230, Novo Industri, A/S Copenhagen, Denmark), while native
glucose was oxidized with glucose oxidase and H202 [18].
Determination of sodium, calculation of FENa FEH2O, FF, TN.
Sodium was analyzed by flame photometry (FLM3; Radiometer,
Copenhagen, Denmark). Fractional sodium excretion FENa was
calculated as ratio of urinary sodium excretion to tubular sodium
load; free water excretion FEH20 was simply calculated as ratio of
UFR to GFR; filtration fraction FF as ratio of GFR to RPF; and
absolute sodium reabsorption TNa as difference of tubular sodium
load and urinary sodium excretion.
Preparation for morphologic examination. Four transverse cen-
tral cortico-medullary slices of approximately 1 mm thickness
were cut from the kidney for light microscopic and ultrastructural
analysis. From each of these slices four central cortico-medullary
cones were processed for sectioning. Semithin (0.5 m) and
ultrathin sections (50 nm) were taken from all renal zones and
stained with azur II and lead citrate, respectively.
Cell culture
Epithelial cell culture. LLC-PK1 cells (ATCC CRL 1392) and
MDCK cells (ATCC CCL 34) were obtained from American Type
Culture Collection (Rockville, MD, USA). Serial cultures were
maintained in plastic petri dishes in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 100 U/mI penicillin, and 100 ig/ml streptomycin as
described elsewhere [19, 20]. Cultures were grown in conventional
monolayer culture technique in 10 cm tissue culture dishes
containing 7 ml of culture medium. Confluent monolayers, 10 to
14 days in culture, were subcultured (split ratio 1:10) using 0.25%
trypsin and 0.02% EDTA in Ca2- and Mg2-free PBS. Cultures
were fed three times a week and incubated at 37°C in a water
vapor saturated 5% C02/95% air mixture.
Mesangial cell culture. Renal glomeruli from male Sprague-
Dawley rats (100 to 150 g body wt) were isolated under sterile
conditions by a sieving technique using 60, 100, and 200 mesh
sieves as previously described [21, 22]. Glomerular cores were
then plated in HEPES-buffered RPMI 1640 (Sigma) at 37°C in a
humidified 5% C02/95% air mixture. Under these culture condi-
tions mesangial cells appeared within 7 to 14 days. After reaching
confluency primary mesangial cells were subcultured (split ratio
1:3) using trypsin (0.25%)/EDTA (0.02%). Subsequent subcul-
tures were performed every 7 to 10 days. Cultures were fed three
times a week.
Mesangial cells (passages 2 to 4) were identified by their typical
morphology under both light and electron microscopy as well as
by immunological and biochemical methods [21—23]. In long-term
cultures (6 to 8 weeks) mesangial cells formed "hillocks" with
large nodular accumulations of extracellular matrix constituents
resembling the nodular, sclerotic changes of the mesangium found
in some glomerular diseases [24]. Mesangial cell cultures were
used from passage 3 to 6.
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Table 2. Functional parameters of isolated perfused control kidneys in
the single pass configuration
Parameters
Experimenta1 period mm
60 80 100 120
RPF ml/min g kw 16.3 0.9 16.5 0.7 16.5 0.7 16.5 0.7
GFRpJ/mingkw 661±74 658±86 653±75 626±72
UFR pi/min g kw 57.2 8.3 69.8 11.6 78.6 12.9 83.7 13.9
TNa iimollmin g kw 87.0 9.8 85.3 11.1 83.6 9.6 79.0 9.0
'Na % 4.94 0.27 6.29 0.47 7.47 0.71 8.69 0.77
%
FF %
8.6 0.3
4.17 0.64
10.5 0.7
4.07 0.64
11.9 1.1
4.03 0.56
13.2 1.2
3.87 0.55
Abbreviations are in the text; 1mm g kw = per minute and gram kidney
weight.
Each value represents the mean SEM, N = 4.
Experimental protocol. In all experiments, 10 to 14 days conflu-
ent monolayer cultures of LLC-PK1 and MDCK were used.
Mesangial cell cultures were studied in subconfluent state (3 to 6
days old cultures), and as confluent cultures exhibiting hillock
formation (21 to 30 days). Cells were incubated in serum-free
DMEM, supplemented with increasing concentrations of RVV
(100 to 1000 igIml) from five mm up to 48 hours, as indicated in
the results section. Morphologic alterations of monolayers were
documented qualitatively by phase contrast microscopy. Further-
more, light microscopic investigations were performed on semi-
thin sections of glutaraldehyde-fixed and plastic-embedded mono-
layers.
Statistics and materials
Statistics. Nonparametric rank test for unpaired samples was
performed to compare groups. P < 0.05 was considered signifi-
cant. Values are mean SEM. No errror bars are shown where
symbols are larger than SEM.
Materials. All chemicals used were of highest purity available
and purchased from Sigma Chemical Co. (Munich, Germany), if
not stated otherwise. L-amino acids (aminoplasmal 5% E, free of
carbon hydrates) and hydroxy-ethyl-starch (HES) were a donation
from B.Braun (Melsungen, Germany).
Results
Isolated perfused rat kidney: Parameters of kidney function
Table 2 summarizes the overall kidney function of isolated
perfused control kidneys in the course of single pass perfusion
during 120 minutes. After 60 minutes of equilibration, GFR
reached values of 661 74 j.tl/minlg kidney weight. These
markedly lower absolute GFR values in isolated perfused kidneys
as compared to in vivo data were caused by the use of hydroxy-
ethyl-starch (HES) as a colloid [25]. At the same interval RPF
amounted to 16.3 0.9 ml/min/g kidney wt, UFR to 57 8
pJ/min/g kidney wt and TNa to 87 10 prnol/minlg kidney wt. For
control as well as experimental kidneys the values for GFR, RPF,
UFR and TNa at 60 minutes were set as 100%. FENa, FEB20 and
FF were expressed as % of the filtered load and of RPF,
respectively. The admixture of vehicle alone (PBS) did not alter
kidney function significantly (data not shown).
Renal perfusate flow. At concentrations of 10 .tg/ml of RVV
renal perfusion decreased after a transitory and minute rise,
reaching a plateau at 87 2% of control (Fig. 1 is the original
tracing; Fig. 2). After termination of RVV admixture RPF showed
a further decrease to 79 2% of control. Consecutive adminis-
tration of 100 g/ml RVV led to a transient increase in RPF (91
2% of control), followed by a steep decline to 28 7% and a
subsequent increase to a plateau corresponding to 59 5% of the
control value. Termination of RVV did not alter the latter value
significantly (60 1%). A triphasic reaction of RPF upon RVV
may be delineated from these data, consisting of a transient initial
increase, followed by a steep decrease and a retarded plateau
formation. Since most parameters of kidney function depend on
RPF, their changes paralleled this triphasic reaction pattern of
renal perfusion.
Urinary flow rate. Administration of 10 g/ml R\'V induced a
reduction in UFR to 57 13% of the 60 minute value (Fig. 2).
After termination of RVV the kidneys rendered oliguric (19
3% vs. 121 4% in controls). At 100 .tg/m1 RVV, after a
transitional increase lasting too short to be quantified, UFR
showed low values of 25 3%, but steadily increased and, in
contrast to RPF, reached unexpectedly high values of 229 80
(vs. 136 4% in controls). After RVV-termination this polyuric
plateau was preserved (207 19 vs. 141 3% in controls).
Glomerular filtration rate. Since the temporal resolution of
urinary sampling was limited, a triphasic alteration of GFR, TNa,
FF and FE of Na, K and H20 following RPF could not be
demonstrated unambiguously (Fig. 2). Nevertheless, GFR fell to
50 6% of controls upon 10 .tg/ml RVV and declined further to
16 3% after RVV termination. One hundred j.tg/ml RVV
produced 24 4% of control GFR, a value which during
continued RVV administration rose nearly (91 20%) to control
levels. Terminating RVV admixture resulted in very low GFR
levels of 25 3%.
Absolute reabsorption of sodium TN,,. Depending on the filtered
load of sodium, TNa paralleled that of GFR, showing values of 48
6% upon admixture and 16 2% after termination of 10 g/ml
RVV (Fig. 2). Again paralleling GFR, 100 g/ml RVV produced
24 3% of control TN,,, rising to a plateau (77 18%) near the
control level. Switching off RVV caused a drastic decrease of TNa
to 10 2%, a reduction that cannot be explained solely by the
25% fall in GFR.
Fractional excretion of sodium. Whereas no significant changes
could be detected for FENa upon and after 10 g/ml R\TV, 100
ig/ml produced a steady increase from control levels (6.3 1.6%)
to values of 18.2 0.4% (Fig. 3). Surprisingly, despite the low
sodium load, switch-off levels amounted to 61 7%.
Fractional excretion of water. Since the majority of osmotically
active particles in urine is represented by sodium and chloride, the
fractional excretion of water will closely be linked to that of
sodium (Fig. 3). Thus, admixture of 10 g/ml RVV did not affect
FEH20, nor did its termination, whereas 100 jtg/ml RVV resulted
in values of 21 0.7%, rising further after the end of RVV
administration (68 3%).
Filtration fraction. Due to the high perfusion rates, FF of
isolated perfused kidneys is usually far lower than in vivo [15, 16,
25, 26] and reached 4.17 0.64% in our preparation (Fig. 3).
Upon RVV application, in spite of a reduction in RPF, the
filtration fraction was decreased in parallel to GFR: 1.88 0.23%
(10 Lg/ml). RVV termination lead to a further drastic decline in
FF to 0.67 0.05%. Application of 100 Wm1 RVV resulted in an
initial FF decrease to 2.20 0.33% and thereafter FF increased
to a plateau (5.01 0.92%) near control levels. The termination
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of RVV admixture was succeeded by a decline in FF to 1.42
0.22%.
Isolated perfused rat kidney: Morphologic analysis
Cortex. The most prominent structural lesion observed in the
renal cortex (CX) upon RVV administration according to the
protocol described (Table 1) is confined to the glomeruli (Fig. 4).
In contrast to the glomeruli of control IPRK, an extensive damage
and loss of glomerular epithelia and endothelia could be detected,
with only the basement membrane remaining. Ballooning and
sometimes even rupture of glomerular capillaries could be seen
regularly. A further prominent feature of RVV action on renal
cortex, and likewise on all other renal zones, concerned vessels
with muscular walls (arteries, veins, arterioles, venules; Fig. 5).
The venom lead to a complete lysis of vascular smooth muscle
cells, again leaving behind only the basement membranes. This
phenomenon was absent from control IPRK. Upon RVV admin-
istration the majority of proximal tubules (Si and S2 segments;
Fig. 5) exhibited areas with hydropic and sometimes vacuolar
degeneration of variable severity, from simple cell swelling to
nucleo- and cytolysis (Fig. 6). Sites of cell detachment could be
detected. Similarly, in distal tubules (DT) and cortical collecting
ducts (CCD) detachment sites and degenerative cell swelling
could be observed. Peritubular capillaries were of less regular
20
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Fig. 1. Original tracing showing alterations of
renal perfusate flow (RPF) in the IPRK upon
RW administration. X-axis represents perfusion
time.
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Fig. 2. Graphs showing RPF (A), UFR (B), GFR (C), and TN, (D) in the IPRK upon RVVadministration. Values at 60 mm of perfusion were set as 100%,(•) experimental group receiving RVV admixture during the intervals demarcated, (0) control group receiving PBS admixture during the same
intervals. Values are means SEM (N = 4). *P < 0.05. Abbreviations are in the text.
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shape than in controls. The interstitium did not differ from
controls. In control IPRK only proximal tubules sometimes
showed moderate cellular swelling, but no signs of cyto- and
nucleolysis or of cellular detachment.
Outer stripe of outer medulla (OSOM). RVV induced alterations
in proximal tubular S3 segments, thick ascending limbs (TAL) and
outer medullary collecting ducts (OMCD), similar to those de-
scribed for the respective structures in the cortex. Hydropic!
vacuolar degeneration of epithelial cells were the predominant
changes. Whereas in the cortex almost all tubules were affected,
damaged OSOM regions were regularly found in close vicinity to
largely unaltered areas. In control IPRK S3 segments showed
cytoplasmic condensation typical for HES containing perfusates
[25], and TAL were partly swollen (see ISOM), whereas OMCD
were unaltered.
Inner stripe of outer medulla (ISOM). Severe hydropic degener-
ation of descending thin limbs (DTL), mTAL and OMCD was
typical for the ISOM. Controls exhibited only mTAL swelling,
which is the usual ISOM alteration found in blood free perfused
isolated kidneys and has extensively been described previously
[26].
Inner medulla (IM). Again intermediate tubules (IT) and inner
medullary collecting ducts (IMCD) exhibited signs of hydropic
degeneration. Along IT, sites of cellular detachment were fre-
Fig. 3. Graphs showing FEN (A), FE1120 (B), and FF (C) in the IPRK
upon RVV administration. Values are expressed as % of the filtered load
and of RPF, respectively. (•) experimental group receiving RVV
admixture during the intervals demarcated, (0) control group receiving
PBS admixture during the same intervals. Values are means SEM (N =
4). *P < 0.05. Abbreviations are in the text.
quently observed, Vasa recta, however, as in the ISOM, showed
no major morphologically discernible signs of damage. In control
IPRK all compartments of the IM were structurally intact.
Cell culture morphology
Morphologic alterations of cell monolayers in culture dishes
caused by RVV were judged qualitatively by use of phase contrast
microscopy. These alterations concerned the integrity of cell-cell
and cell-substrate adhesion: cells rounded up, were detached from
the substrate surface and floated in the culture medium. Further-
more, as revealed by light microscopy of semithin sections of
cultured cell layers, RVV produced cellular lesions. Adjoining
structurally intact areas, cells exhibiting prenecrotic and necrotic
alterations, such as nuclear pycnosis, caryorrhexis, caryolysis, bleb
formation and cell swelling, were observed. Control preparations
showed no signs of damage.
Epithelial cells: LLC-PK, and MDCK First signs of disruption
of the confluent monolayer of proximal tubule derived LLC-PK1
cells already occurred after 10 minutes at 600 p.gIml RVV, and
increased dose dependently (Fig. 7). After 24 hours the mono-
layer was completely destroyed. MDCK cells, which stem from
distal tubules or, more probably, from collecting ducts [271, were
less sensitive to RVV. Initial signs of disintegration were observed
after 10 minutes of 800 xg/ml RVV exposure and were again
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Fig. 4. Glomerular lesions. (A) Semithin section. All cellular constituents of the glomerular tuft are concerned. Endothelial cells (EC) are pycnotic,
rounded up or even detached, podocytes (PC) become dissolved, the mesangium has disappeared resulting in capillary ballooning. (B and C). Ultrathin
sections. The surface membranes of PC and the membranes of cell organelles are lysed. Podocytic processes are flattened or even disintegrated. The
endothelial lining is diminished or has disappeared. In places, the denuded basement membrane (bm) is left behind. Abbreviations are: us, urinary space;
ge, glomerular capillary; Mi, mitochondria; Nue, nucleus.
much more pronounced after 24 hours, when MDCK cell mono-
layers were completely disintegrated.
Mesangial cells. Primary cultures of freshly isolated mesangial
cells proved by far to be more sensitive to RVV than epithelial
cells and exhibited a differentiated reaction upon RVV, depend-
ing on the state of confluence (Fig. 7). On subconfiuent mesangial
cell layers 200 .rg/ml RVV produced no visible alterations,
whereas in confluent mesangial cell cultures a complete disinte-
gration was observed after 10 minutes of 200 rg/ml RVV expo-
sure, with only a few single cells attached onto the surface of the
culture dish being left. Interestingly, an extremely narrow dose
range of RVV on confluent mesangial cell cultures was found: at
100 jig/mI no visible signs of damage could be detected.
Discussion
R\TV administered to the IPRK induced changes in all param-
eters determined: RPF, GFR, FF and TNa were reduced, whereas
FENa and FEB20 showed an increase. Regarding UFR, oliguric
and polyurie phases could be detected. Alterations of this kind can
solely be interpreted as an IPRK equivalent of acute renal failure.
Recently, Rateliffe et al [14] have demonstrated a direct RVV
nephrotoxicity in the IPRK, using a system with perfusate recir-
culation and 6.7% wt/vol bovine serum albumin (BSA) as oncotic
compound. Similarily to the results of the present study these
authors described a dose-dependent reduction in GFR and a rise
in FENa. RVV was tested only in very low concentrations cone-
sponding to those measured in patients with RVV envenomation,
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Fig. 5. Vascular lesions. (A) Semithin section. Apart from severely damaged proximal (PT) and distal (DT) tubules, the micrograph shows two arterial
profiles (A), the muscular tunic of which seems to be dissolved. (B) Arterial wall, ultrathin section. The endothelium (EC) appears to be swollen. The
basement membrane shows patchy electron-dense thickenings. The vascular smooth muscle cells of the media or muscular tunic (M) are replaced by
fine granular material. Lu, arterial lumen.
starting with 0.002 j.tg/ml up to 5 .tg/m1. GFR decrease was seen
at concentrations as low as 0.05 .tg/ml and FENa increase was
observed beginning with 0.2 ag!ml. Reductions in RPF, however,
could only be detected at concentrations of 1 and 5 .tWml, and
remained above 90% of control. A morphologic analysis of
perfused kidneys was not performed. In the present study con-
centrations of 10 and 100 g/ml RVV were used in the IPRK,
taking into account that the concentrating ability of IPRK prep-
arations is less than one tenth of in vivo kidneys. Especially
medullary IPRK-nephron segments would have been likely to get
into contact with venom concentrations much lower than in the
intact organ. Furthermore, despite the lower concentrations of
RVV found in human ophidism (0.01 to 0.7 jg/ml plasma, up to
3.6 g/ml urine, [28, 29]) the in vivo renal medulla will certainly be
exposed to higher doses of the venom (medullary concentrating
mechanism). For theses reasons and in order to supplement the
above observations [14], the present study was performed using
higher RVV concentrations.
Interestingly, most parameters determined in our study showed
a triphasic reaction upon RVV administration, which seemed to
depend mainly on the reaction of RPF. RPF increased transiently,
rapidly declined afterwards and returned to a plateau below
control level. The initial vasodilation may have been a direct effect
of RVV upon the vasculature as discussed by Lee and Lee [30] for
the splanchnic bed, whereas the subsequent increase in resistance
might have resulted from either RVV-mediated vascular obstruc-
tion caused by swollen endothelia or vascular compression by
swollen epithelia. As an alternative explanation for the reduced
RPF, a direct vasoconstrictive effect of RVV or an indirect
vasoconstriction via R\TVliberated agents, like adenosine ex-
truded by damaged cells [31] or via a reduced NO-production
resulting from endothelial cell damage [32], cannot be excluded.
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Fig. 6. Ultrathin sections of collecting duct (CD) epithelia. (A) Lysis of apical surface membrane (arrows), increased transparency of cytoplasm (Cp),
vacuolization and lytic destruction of endoplasmic reticulum (ER). (B) Lytic destruction of the nucleus (Nuc). Note also margination of chromatin. Mi,
mitochondria.
Nevertheless, the very initial vasodilation induced by RVV and
the final vasoconstriction upon RVV termination make a direct
vasoconstrictive action of RVV less likely.
Since most of the other renal functional parameters determined
are dependent on RPF, they should exhibit a similar triphasic
reaction. Unfortunately, in the preparation used it was impossible
to monitor these parameters in intervals shorter than two minutes.
Therefore changes in kidney function during the initial transitory
increase in RPF could not be determined. Although GFR in
general followed the reaction pattern of RPF, the quantitative
alterations in GFR cannot be fully explained by the changes in
RPF. Minor reductions in RPF to 87 and 79% were combined
with major reductions in GFR to 50 and 16%, respectively.
Furthermore, reductions to 59 and 60% in RPF were associated
with GFR values as different as 91 and 25% of control, respec-
tively. On the other hand, 28% of control RPF were faced with
similar 24% of control GFR. Thus, aside from the principal course
of the graph, no correlation can be established between changes in
RPF and those in GFR, a fact also reflected by the alterations in
FF. This implies that mechanisms other than vascular ones must
additionally have been responsible for the observed changes in
GFR. These may include changes in glomerular permeability,
tubular obstruction by swollen epithelia and detached tubular
cells, tubular backleak of inulin and tubuloglomerular feedback
[reviewed in 33—36]. The destruction of the glomerular filter
observed in the microscope is more likely to increase than to
decrease glomerular permeability (filtration coefficient, K) and
might therefore be causative for the increase in GFR during
continued 100 jxg/ml RVV action. Mesangiolysis was previously
reported to occur after snake bites from the Habu snake Trim-
eresurus flavoviridis [reviewed in 37], and a first report of mesan-
giolysis-like lesions after experimental Crofalus adamantinus en-
venomation dates as early as 1909 [38]. Agkistrodon halys is
another species reported to induce mesangiolysis [39]. In contrast
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Fig. 7. Phase contrast micrographs of cultured renal cells. (A) LLC-PK1 cells, control. (B) LLC-PK1 cells, exposed to 1000 jg RVV/ml for 2 hr. Areas
of cell detachment (asterisks). (C) MDCK cells, control. (D) MDCK cells, exposed to 1000 g RVV/ml for 2 hr. Irregular and entangled structure of
monolayer indicating its disintegration. (E) Mesangial cells, control. (F) Mesangial cells, exposed to 200 jg RVV/ml for 2 hr. Complete disintegation
with only a few attached cells being left.
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to RVV, these venoms induce extensive mesangiolysis in vivo.
Nevertheless, common features of in vitro RVV and in vivo Habu
venom action upon the glomerular tuft include mesangial cell
degeneration and disappearance as well as endothelial cell de-
tachment, leaving just the basement membranes in place. When
judging glomerular alterations, one has to consider that in the
IPRK minor degrees of mesangiolysis were described as a com-
mon feature of this preparation [40]. Nevertheless, upon RVV
exposure the mesangium appeared to be completely destroyed.
Moreover, nearly all cells of the glomerular tuft—endothelial
cells, mesangial cells and podocytes—were eliminated to the
greatest extent. Only basement membranes seemed to resist the
venom.
One could argue that renal ischemia due to RVV-induced
vasoconstrietion led to the morphologic alterations observed,
since isehemic damage was shown to produce mesangiolysis as
well [41]. Only in prolonged isehemia-reperfusion settings, how-
ever, with more than 150 minutes of complete renal artery
occlusion, followed by more than 60 minutes of reflow, could
mesangiolytic changes be demonstrated [41]. The same applies for
the tubular damage observed: extreme but still incomplete reduc-
tions in RPF upon RVV exposure were shortlasting (< 5 mm).
Within five minutes of complete anoxia only subtle ultrastructural
tubular changes have been described to occur in the IPRK and in
vivo [42].
TNa exactly followed the changes in GFR observed. This fact
reflects the dependence of TNa on tubular load of sodium,
provided that FENa would not change. Nevertheless, after termi-
nating the 100 j.tg/ml RVV dose, the reduction in Tna exceeded
that in GFR, pointing towards a major loss in the reabsorptive
capacity of the kidney. This was substantiated by the increased
FEND upon 100 jig/mI RVV, ending up with a 61% loss of the
already markedly reduced sodium load. As expected FE1120
followed that of sodium.
One of the most surprising histopathologic changes observed
was the lysis of the smooth muscular portion of vascular walls,
which may perhaps be attributed to the action of so-called
hemorrhagins contained in RVV. To our knowledge, this activity
of RVV was first described by Taylor and Mallick in 1935 [43], but
was neither substantiated or analyzed further, nor was the chem-
ical identity of hemorrhagins clarified. The fact that vascular
smooth muscle cells (VSMC) and mesangial cells (MC) are
closely related cell types suggests a common toxic principle
underlying vasolysis and mesangiolysis. To investigate the hemor-
rhagic/vasolytic activity of RVV may be a promising task for
future research using isolated vessels and VSMC in culture.
Furthermore, the importance of vasolysis and hemorrhagins for
systemic RVV toxicity remains to be established. An approach
like this may turn out to be of considerable therapeutic impact,
since reducing hemorrhage would certainly ameliorate the severe
systemic complications of RVV envenomation.
In summary, RVVwas found to be a potential nephrotoxin, and
in high concentrations produced ARF in the IPRK, induced lysis
of endothelial, mesangial and smooth muscle cells, and led to
severe alterations of renal epithelia both in the intact organ and in
cell culture systems.
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